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Abstract 
Many remote rural communities are ignored in rural electrification plans due to their remoteness or their relatively low demand 
potential. Many of those communities are rural agricultural villages that cultivate crops whose residue is a potential solid biomass 
fuel for power generation using appropriate technologies. This research proposes a feasibility study of trigeneration (heat, power 
and cold) from small farm typologies with enough clustered crop residue in selected communities in Ghana, as well as definition 
(prototype level) of the best generation technology. A sample of 11 districts in Ghana were surveyed in order to assess the levels 
of agricultural waste produced in small holder farms and their possible clustering for supplying these wastes to a hypothetical 
centralized trigeneration plant. The results obtained in terms of plant capacity, biomass waste yields, energy output flows and 
economic analysis indicate good prospects for the deployment of trigeneration as a solution in rural agricultural areas of Sub-
Saharan Africa 
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1. Introduction 
Ghana’s official electrification policy is to extend grid electricity access to all communities that have a human 
population of at least 500 by 2020 [1, 2]. Many remote rural communities, including some with population above 
500 are ignored because of poor access roads which inhibit the extension of the national electricity grid. Many of the 
inaccessible communities are rural agricultural villages that cultivate crops whose residue is a potential solid 
biomass fuel for power generation using appropriate technologies [3, 4]. On the basis of this field case, the feasibility 
of trigeneration (heat, power and cold) based on agricultural waste is assessed in this study. 
In local socioeconomic terms, producing energy from this biomass would support farmers in several ways [4, 5]: 
(1) they could power modern irrigation facilities to cultivate crops during the ‘dry’ season, using plots closer to the 
community where power supply could be economically extended; (2) Farmer households would have the 
opportunity to become suppliers of biomass resources for energy production and thereby broaden their income 
generation sources; (3) The introduction of electricity supply in remote rural communities would enable the use of 
crop handling and pre-processing machinery which will serve two main purposes: ensure that perishable produce 
(such as tomatoes) could be stored safely and processed before it is transported to markets; and (4) The collection 
and utilization of crop residues would help curb bush fires that often start with residues burnt on harvested fields and 
spread to forests and un-harvested fields during the dry season.  
Recent projections in Ghana [4, 6] have shown the socio-economic benefits of promoting biogas from agro waste 
(cassava peels) to displace currently used firewood; the needed investments would have a 7-year Payback Period, 
and yield an Internal rate of return of about 19 % over a 20-year analysis. 
Although low-level thermal (not for cooking) and cooling requirements in these rural communities are not 
abundant nowadays, the existence of an important residual heat resource could trigger industrial development in the 
agro food transformation sector [4]. This could help the communities move from being merely self-sufficient 
communities to be able to transform part of their product (heat), store it (cold) and sell it elsewhere.  
2. Methods 
Previous studies [6, 7, 8, 9, 10] have proposed that to be technically and economically feasible, crop residues 
must meet two important criteria: (i) they should be produced within a certain radius or distance to a central point 
where the energy generation plant would be located, depending on the plant generation capacity; and (ii) the energy 
contents of the residues must meet a certain minimum value. However, presently in Ghana there are no studies 
determining the availability and location of crop residues with respect to potential biomass-to-power plant sites [11], 
which are key factors to assess the financial viability of such investments. This research proposes a feasibility study 
of electricity generation from small farm typologies with enough clustered crop residue in selected communities in 
Ghana, as well as definition (prototype level) of the best generation technology. The application of appropriate 
methodology will facilitate investment into clean energy technologies using biomass. 
The prospects of using crop residues from small-scale aggregated farms in the country were investigated with an 
estimation of the quantities of crop residue that could be available and farm sizes. In practice, not all the existing 
crop residues can be collected and used for bioenergy production due to technical constraints, ecosystem functions, 
and other factors [12, 13]. 
Estimation of the amount of crop residue available was done using the Residue to Product Ratio (RPR), which is 
the ratio, by mass, of a crop’s residue to the actual product. Fieldwork was conducted in twenty-two (22) farming 
communities selected from eleven (11) districts in the country, to determine RPRs of some of the key bioenergy 
crops in the country. The districts were chosen to reflect the different agro-ecological zones in the country. Data on 
farm sizes in the districts were obtained from district offices of the Ministry of Food and Agriculture. Field 
measurements were conducted on farms to determine RPRs. In all, two hundred and twenty (220) farms were 
selected, ten (10) from each farming community. A snowball sampling technique was employed and farmers who 
agreed to participate in the study were enrolled. The following procedure was used for the measurements: 
a) Four plots each of size 20m by 20m square was obtained by random sampling from each of the farms. 
b) The RPR of the various residues was determined using the weight of the product and residues from the plots. 
c) An average RPR was determined for each farm from the different plots. 
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d) An average RPR was derived for the various locations. 
The energy-water-nexus would be fostered by enabling the following applications: 
x Water pumping towards the origin biomass exploitations, thus, irrigation resilience strengthening, through 
assurance of the resource (water/energy). 
x Enabling wastewater treatment and, eventually, reuse (also for irrigation purposes), through appropriate low-cost 
and low-consumption techniques, such as Imhoff tanks, biodisks, infiltration-percolation, phragmytes- and algae 
treatment and anaerobic water/ sludge treatment (possible second energy closed-loop through biogas methane 
generation for heating purposes). 
Moreover, the adoption of this energy / water / agriculture approach, in a more direct or indirect measure, an 
integrated rural development impact can be boosted, especially poverty alleviation (through reinforcing the cycle 
agriculture-biomass production-value for waste), access to health (enabling health facilities downstream the power 
plant) and environmental protection (energy would be available for water distribution and / or appropriate sanitation 
and wastewater treatment). 
As a summary, the envisaged cycle (Figure 1) would have an overall estimated energy yield of around 70 % to 
75%, considering the basic electrical efficiency of a gas CHP genset (25%), plus the potential heat recovery from the 
genset (fumes, lubricant and water circuits), which could account for another 50% [14, 15]. The potential interest for 
cooling in rural areas in Ghana makes the case for the conversion of part of this recovered heat into cold, by means 
of an absorption machine (with a COP of 0,66) [15]; hence, assuming that one third of the heat would be converted 
into cold, we can consider a 35% heat yield plus a 10% cold yield.  
3. Results and discussion 
3.1. Determination of agricultural residue yields (field work) 
A sample of 11 districts in Ghana were surveyed in order to assess the levels of agricultural waste produced in 
small holder farms and their possible clustering for supplying these wastes to a centralized CHP plant to be 
developed. Firstly, the visited farms were categorized into 3 land areas: small (1 ha.), medium (5 ha.) and large (10 
ha.). The specific yields for each farm category have been determined in each district, as shown in Table 1. 
The minimum yields needed to feed trigeneration plants of various capacities have been determined and are 
summarized in Table 2.  
Combining the results of Tables 1 and 2, the minimum number of clustered small holder farms needed has been 
assessed. Table 3 shows that in the majority of districts a minimum of 30 to 49 large (10 ha) farms would need to be 
clustered to enable a viable supply to a 1 MWe CHP plant. A 600 kW plant would require 18 to 29 farms. 
Fig. 1. Biomass based trigeneration concept applied to rural communities. 
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Table 1: Expected yield from clustered small holder farms  
District visited Region Main crops 
Small holder farms categories reference 
agro waste yields  (T/year) per farm agro waste yields  
(kg/(km2 day)) 
small 1 ha. med 5 ha. large 10 ha. 
Ejisu Juaben Ashanti maize, rice, cassava  36,65 183,25 366,5 10.041 
Asante Akyem north Ashanti maize, rice, cassava, cocoa 49,92 249,61 499,22 13.677 
Sunyani west Brong-Ahafo maize ,yam and cassava 22,68 113,41 226,83 6.214 
Nzema East municipal  Western region maize and coconut  53,56 267,79 535,57 14.674 
Ejura Sekyedumasi Ashanti maize  3,75 18,76 37,52 1.027 
Lawra district  Northern region millet, sorghum, maize, 
groundnut 
23,85 119,26 238,52 6.534 
Ga East Municipality Greater Accra maize and cassava 23,68 118,41 236,82 6.488 
Kintampo North Brong-Ahafo maize and cassava 27,34 136,7 273,4 7.490 
Dormaa Brong-Ahafo maize and cassava 27,34 135,9 273,42 7.490 
Sekyere West Ashanti maize and cassava 32,38 161,88 323,76 8.871 
Kintampo south Brong-Ahafo maize and cassava 34,06 170,296 340,592 9.332 
 
Considering medium or small farms, the minimum number of clustered farms would be much higher. Two 
districts: Nzema East and Asante Akyem north, have slightly better conditions than the rest, needing a minimum of 
21 large (10 ha) farms to enable a 1 MWe CHP plant. 
Table 2: Average biomass waste yield needed from crop residue 
Minimum                     
CHP plant power 
output (kWe) 
Annual Electricity 
generation (MWh/year) 
at 7000 hours/year 
Annual Waste Heat 
generation (MWh/year) 
at 7000 hours/year 
Annual biomass waste consumption 
(T/year) at 15,72 % electrical efficiency 
and 4 kWh/kg Lower Heating Value 
[16] 
Daily average 
biomass waste  
needed (T/day)  
600 4.200 8.400 6.679 18 
1.000 7.000 14.000 11.132 30 
2.000 14.000 28.000 22.265 61 
5.000 35.000 70.000 55.662 152 
Table 3: Number of small holder clustered farms needed for various plant sizes 
District visited Region 
Min nº of farms for a 600 kWe plant Min nº of farms for a 1 MWe plant 
1 ha 5 ha 10 ha 1 ha 5 ha 10 ha 
Ejisu Juaben Ashanti 182 36 18 304 61 30 
Asante Akyem north Ashanti 134 27 13 223 45 22 
Sunyani west Brong-Ahafo 295 59 29 491 98 49 
Nzema East municipal  Western region 125 25 12 208 42 21 
Ejura Sekyedumasi Ashanti 1.781 356 178 2.969 593 297 
Lawra district  Northern region 280 56 28 467 93 47 
Ga East Municipality Greater Accra 282 56 28 470 94 47 
Kintampo North Brong-Ahafo 244 49 24 407 81 41 
Dormaa Brong-Ahafo 244 49 24 407 82 41 
Sekyere West Ashanti 206 41 21 344 69 34 
Kintampo south Brong-Ahafo 196 39 20 327 65 33 
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3.2. Determination of energy outputs 
The next step has been to analyze the potential outputs of 600 kWe and 1 MWe plants (Table 4) in terms of:  
i. electricity supply - number of households supplied, their consumption and the surplus exported to the grid; 
ii. heat supply - quantity of crop residue (cassava, maize) that could be dried; and 
iii. cold supply - quantity of fresh produce (tomato) that could be conserved. 
The hypotheses used to account for the residual heat values have been the following: 
x The value for cassava has been obtained by considering a reduction of 60 % of the weight of the dried cassava 
waste, the calorific value of evaporated water (2.264 kJ/kg), and an energy conversion factor of 87,5 % [17]. In 
the case of maize waste, drying from 25% to 15% moisture content (to enable storage) is considered. 
x The value for tomato storage has been evaluated using TRNSYS simulation of a refrigeration chamber in Kumasi 
at 14 ºC inside, using a factor of occupancy of tomatoes of 50% 
Table 4: Energy output from biomass trigeneration plants 
Minimum CHP plant 
Power output (kWe) 
Number of small households directly 
supplied with the plant  
Electricity consumed by the 
households (MWh/year) 
Electricity to be exported to 
the grid (MWh/year) 
600 600 720 3.480 
1.000 1.000 1.200 5.800 
2.000 2.000 2.400 11.600 
5.000 5.000 6.000 29.000 
Table 5: Use of residual heat 
Minimum plant 
output (kWe) 
Option 1: Drying  1a: cassava waste  1b: maize waste  Option 2: tomato cold storage  
Residual heat 
(MWh/yr) 
Yield (Tonnes/year) Yield (Tonnes/year) Residual cold 
(MWh/year) 
Yield                  
(Tonnes/year) 
600 8.400 7.636 152.920 3.480 3.480 
1.000 14.000 12.727 254.867 5.800 5.800 
2.000 28.000 25.454 509.734 11.600 11.600 
5.000 70.000 63.636 1.274.336 29.000 29.000 
3.3. Economic viability of CHP plants 
A preliminary economic balance has been performed in order to assess the viability of CHP power plants 
(600kWe and 1 MWe). Private investment has been considered (at 20% yearly rate of return over a 10-year 
amortization time). The maximum potential cost of the crop waste (i.e., the maximum price that could be paid for 
the biomass to run the CHP plants) has been determined. It must be noted that the sale of both the electricity 
generated and a certain amount of the residual heat is needed to reach profitability.  
Table 6a: First economic balance of the CHP plants (first 10 years) – considering 100% heat sales 
Minimum CHP plant Power output (kWe) 600 1.000 
Investment cost (US $) 4.561.440 5.848.000 
Annualised investment cost (d=6%, 10 years) (US $/year) 601.234 770.813 
Yearly maintenance costs overheads + staff costs + maintenance costs + (20%) profit for the investor) (US $/year) 300.000 334.800 
Total expenses (US $/year) 901.234 1.105.613 
Electricity income (price of electricity=0.14 $/kWh) (US $/year) 588.000 980.000 
Heat income (price of heat=0.06 $/kWh) (US $/year)  @100% heat sale 504.000 840.000 
Total income (US $/year) 1.092.000 1.820.000 
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Maximum value for crop waste sourcing (US $/year) 190.766 714.387 
Tonnes of crop waste (tonnes/year) 6.679 11.132 
Maximum affordable price of crop waste (US $/tonne) 29 64 
Table 6b: First economic balance of the CHP plants (first 10 years) – considering 60% heat sales 
Minimum CHP plant Power output (kWe) 600 1.000 
Investment cost (US $) 4.561.440 5.848.000 
Annualized investment cost (d=6%, 10 years) (US $/year) 601.234 770.813 
Yearly maintenance costs overheads + staff costs + maintenance costs + (20%) profit for the investor) 
(US $/year) 
300.000 334.800 
Total expenses (US $/year) 901.234 1.105.613 
Electricity income (price of electricity=0.14 $/kWh) (US $/year) 588.000 980.000 
Heat income (price of heat=0.06 $/kWh) (US $/year)  @60 % heat sale 313.234 554.400 
Total income (US$/year) 901.234 1.534.400 
Maximum value for crop waste sourcing (US $/year) 0 428.787 
Tonnes of crop waste (tonnes/year) 6.679 11.132 
Maximum affordable price of crop waste (US $/tonne) 0 39 
 
3.4.  Potential of Carbon Finance 
An additional source of funding for the development of the agro waste based CHP plants discussed in this paper 
can be the consideration of carbon credits that could offset some of the initial investment costs. To assess this option 
under a conservative approach, we can consider an emission factor for electricity generation (grid reference) of 
0.276 kg CO2 eq./kWh [18] and a plant operational time of 10 years. 
Regarding carbon prices, there is a wide range of instruments and rates; a recent study published by the World 
Bank [19] points out that the carbon prices vary significantly—from less than US $ 1 up to US $ 130 per tCO2 eq. 
However, the majority of emissions (over 85 %) under carbon finance related schemes are priced at less than    
US $ 10 per tCO2 eq. Using the price of 10US $ per tCO2 eq., the results shown in Table 6a do not change 
significantly: 
Table 7: Effect of Carbon financing (first 10 years, emissions priced at 10 US $c.)) 
CHP plant Power output (kWe) 600 1.000 
Annual electricity generation (MWh/year) 4.200 7.000 
Investment cost (US $) - carbon credits at 10 US $/tCO2 eq. 4.445.402 5.654.603 
Annualised investment cost (d=6%, 10 years) (US $/year) 585.939 745.322 
Yearly maintenance costs overheads+ staff costs + maintenance costs + (20%) profit for 
the investor) (US $/year) 
300.000 334.800 
Total expenses (US $/year) 885.939 1.080.122 
Electricity income (price of electricity=0.14 $/kWh) (US $/year) 588.000 980.000 
Heat income (price of heat=0.06 $/kWh) (US$/year) @100 % heat sale 504.000 840.000 
Total income (US $/year) 1.092.000 1.820.000 
Maximum value for crop waste sourcing (US $/year) 206.061 739.878 
Tonnes of crop waste (tonnes/year) 6.679 11.132 
Maximum affordable price of crop waste (US $/tonne) 31 66 
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Considering the most optimistic scenario (Sweden carbon tax scheme), the results would be: 
Table 8a: Effect of Carbon financing (first 10 years, emissions priced at 130 US$ per tCO2 eq.)) 
CHP plant Power output (kWe) 600 1000 
Annual electricity generation (MWh/year) 4.200 7.000 
Investment cost (US $) - carbon credits at 130US $/tCO2 eq. 3.052.946 3.333.843 
Annualised investment cost (d=6 %, 10 years) (US $/year) 402.402 439.427 
Yearly maintenance costs overheads+ staff costs + maintenance costs + (20%) profit for 
the investor) (US $/year) 
300.000 334.800 
Total expenses (US $/year) 702.402 774.227 
Electricity income (price of electricity=0.14 $/kWh) (US $/year) 588.000 980.000 
Heat income (price of heat=0.06 $/kWh) (US$/year) @100 % heat sale 504.000 840.000 
Total income (US $/year) 1.092.000 1.820.000 
Maximum value for crop waste sourcing (US $/year) 389.598 1.045.773 
Tonnes of crop waste (tonnes/year) 6.679 11.132 
Maximum affordable price of crop waste (US $/tonne) 58 94 
 
This level of carbon pricing would allow a substantial reduction of the minimum residual heat sales (down to 
23%) to achieve the minimum CHP plant size (600kW) viability. 
Table 8b: Lowest heat sales rate that would enable CHP plant viability under a Carbon financing scheme (first 10 years, emissions priced at 130 
US$ per tCO2 eq. and lower heat sales) 
CHP plant Power output (kWe) 600 1.000 
Annual electricity generation (MWh/year) 4.200 7.000 
Investment cost (US $) - carbon credits at 130US $/tCO2 eq. 3.052.946 3.333.843 
Annualized investment cost (d=6%, 10 years) (US $/year) 402.402 439.427 
Yearly maintenance costs overheads+ staff costs + maintenance costs + (20 %) profit for 
the investor) (US$/year) 
300.000 334.800 
Total expenses (US $/year) 702.402 774.227 
Electricity income (price of electricity=0.14 $/kWh) (US $/year) 588.000 980.000 
Heat income (price of heat=0.06 $/kWh) (US$/year) @23 % heat sale 115.920 193.200 
Total income (US $/year) 703.920 1.173.200 
Maximum value for crop waste sourcing (US $/year) 1.518 398.973 
Tonnes of crop waste (tonnes/year) 6.679 11.132 
Maximum affordable price of crop waste (US $/tonne) 0 36 
4. Conclusions 
x The potential for cogeneration and even trigeneration from clustered agricultural waste in the sample small 
holder farms characterised in Ghana is high.  
x Current uncertainties for investors (biomass calorific value, appropriate technology, cost and sustainability of 
the equipment, yield of the global generation system) have been assessed.  
x Preliminary techno-economic results show that 600 kW and 1 MW CHP plants run on local agro waste are 
feasible in certain rural districts, considering a minimum 20 % yearly profit for investors  
x Crop residue biomass could generate additional income for farmers in the range of 29 to 64 US $/tonne  
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x The consideration of carbon financing under the most common prices currently traded in existing carbon funds 
has little impact on the preliminary project results; however, if more favourable schemes (like the Swedish 
carbon tax) are considered, the viability of CHP plants run on agro waste can be possible even with a low level 
of residual heat sales. 
x Further research is needed to (i) deepen the techno-economic appraisal and (ii) widen the scope of feasible 
replication at national scale in Ghana and in West Africa.  
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